This paper describes the influence of heat treatment on the microstructure and magnetic properties of MnSnCoN alloys. After homogenization at 950°C for 20 h in Ar, Mn 82.5 Sn 10 Co 7.5 alloys were annealed at 900°C for 120 h in N 2 and quenched to room temperature (first-annealing). The alloys were subsequently annealed at 400700°C for 5 h in N 2 and quenched to room temperature (second-annealing). The coercivity of the alloys changed drastically by the second annealing. The samples subjected to second annealing at 500°C showed maximum coercivity of 1270 kAm ¹1 and exhibited a fine two-phase microstructure. Wavelength Dispersive X-ray Spectrometer (WDS) and X-ray Diffraction (XRD) analyses revealed that the fine two-phase microstructure consists of ¢-Mn and perovskite-type (Mn 4 N-like) phases, as well as that the two phases emerged from the ¦A phase during the second-annealing at 500°C.
Introduction
Magnetic materials with high coercivity have been used in many applications such as permanent magnets, magnetic recording and spintronics. In the field of magnetic recording, materials exhibiting high magneto-crystalline anisotropy, such as L1 0 -ordered FePt, 13) CoPt, 3, 4) FeNi 5, 6) alloys and D0 22 -ordered Mn 3¹¤ Ga alloys, 7, 8) have attracted in high density magnetic recording applications. In regard to permanent magnets, almost 30 years have passed since the discovery of NdFeB 9, 10) and SmFeN 11) magnets, and there have been considerable efforts to decrease the content of rare elements such as Dy in NdFeB magnets. Therefore, new materials with high saturation magnetization and high coercivity are in strong demand. In the field of spintronics, high-coercivity materials with perpendicular magnetrocrystalline anisotropy are important for meeting thermal stability requirements. Recently, nanostructured MnGa films exhibiting a high coercivity of 1630 kAm ¹1 at room temperature have been reported. 8) The high coercivity of such films is attributed to the high-anisotropy D0 22 -ordered Mn 3¹¤ Ga phase. Therefore, D0 22 -ordered Mn 3¹¤ Ga alloys have attracted attention for application in spintronics.
The studies mentioned above have demonstrated that Mnbased alloys show unique magnetic properties. In our previous works, 12, 13) MnNiN sintered alloys exhibit a relatively high coercivity of 352 kAm ¹1 . Recently, we also reported that Mn SnCoN alloys show a high coercivity of 876 kAm ¹1 and a fine two-phase microstructure. 14) However, the influence of heat treatment on the microstructure and magnetic properties of MnSnCoN alloys has not been clarified. For example, the formation process of the fine two-phase microstructure and temperature at which it is formed are still unknown because the heat treatment adopted in previous works was slow cooling from high temperature (above 900°C) in N 2 . Therefore, in this study, we adopted a two-step heat treatment in N 2 , in which the samples were nitride at the first step and the fine two-phase microstructure was formed at the second step, and the influence of heat treatment on this microstructure and magnetic properties of the alloy was investigated.
Experimental Procedure
Mn 82.5 Sn 10 Co 7.5 (at%) alloys, which showed the highest coercivity after nitriding in our previous work, 14) were prepared by arc melting. Figure 1 shows a schematic illustration of the heat treatment conditions. The arc-melted Mn 82.5 Sn 10 Co 7.5 alloys were homogenized at 950°C for 20 h in Ar, and crushed into pieces with the a particle size of 500 850 µm. The pieces of Mn 82.5 Sn 10 Co 7.5 alloy were annealed at 900°C for 120 h in N 2 and then quenched to room temperature using a cooling jacket. In this paper, this heat treatment is referred to as "first-annealing". Subsequently, the alloys were annealed at 400700°C for 5 h in N 2 and then quenched to room temperature using a cooling jacket, referred to as "second-annealing" in this paper.
The magnetic properties of the alloys were measured with a vibrating sample magnetometer (VSM) and the phases were identified by X-ray diffraction (XRD). The microstructure was observed by scanning electron microscopy (SEM), and the composition of phases was analyzed by wavelength dispersive X-ray spectroscopy (WDS). Figure 2 shows the variation in coercivity of the Mn 82.5 Sn 10 Co 7.5 alloys as a function of the duration of first-annealing. The coercivity reached its highest value of 382 kAm ¹1 at 5 h and decreased thereafter. Figure 3 shows the dependence of coercivity on the temperature of second-annealing for the Mn 82.5 Sn 10 Co 7.5 alloys annealed for 3 or 5 h in the first-annealing process. From Fig. 3 , it is clear that the coercivity strongly depends on the second-annealing temperature. Although the coercivity of the sample subjected to annealing at 400°C was almost the same as that of the sample without second-annealing, it drastically increased after applying second-annealing at 500°C. However, the coercivity decreased for temperature of the second-annealing above 600°C (Fig. 3) . Figure 4 shows the demagnetization curves of samples annealed at 500 and 700°C in the second-annealing process as well as the demagnetization curve of a sample without secondannealing for comparison. Although the coercivity of the sample without second-annealing was about 400 kAm ¹1 , the saturation magnetization of this sample was rather low.
Results and Discussion
Therefore, it appears that there was virtually no magnetic phase in the sample before second-annealing. However, as shown in Fig. 4 , the values of coercivity and saturation magnetization drastically increased by applying secondannealing, and their maximum values were obtained by the second-annealing at 500°C. These results suggest that the optimal temperature of second-annealing temperature is 500°C, and that second-annealing plays an important role for increasing coercivity.
The phase change induced by second-annealing was investigated by XRD. Figure 5 shows the XRD patterns of as-homogenized Mn 82.5 Sn 10 Co 7.5 alloys, annealed at 900°C for 3 h in N 2 (first-annealing) and subsequently annealed at 400700°C for 5 h in N 2 (second-annealing). Since there are no peaks other than those corresponding to ¢-Mn, the ashomogenized alloys were considered to consist of a ¢-Mn phase. In the XRD pattern after the first-annealing, the main peaks were those of the ¦ (or ¦A) phase, and small peaks corresponding to ¢-Mn were also observed. This means that the ¦ (or ¦A) phase and small amounts of the ¢-Mn phase were present in the alloy after first-annealing. The MnN binary alloy phase diagram 15) shows that the ¦ (or ¦A) phase can be formed with a nitrogen content between 3.2 and 12.6 mass% (Fig. 6) . In this study, first-annealing was carried out at 900°C, and therefore the nitrogen content in the ¦ (or ¦A) phase was expected to be below 7.2 mass%. After secondannealing at 400°C, the XRD peaks of the ¦ (or ¦A) and ¢-Mn phases were still observable in the XRD pattern. The peaks of the ¦ (or ¦A) phase were also observed in the XRD patterns of the sample annealed at 700°C in the second-annealing process (Fig. 5) . However, the peaks of the ¦ (or ¦A) phase disappeared and peaks of perovskite-type (Mn 4 N-like) and ¢-Mn phases were present in the sample subject to secondannealing at 500°C. The MnN binary alloy phase diagram 15) indicates that the ¦A phase can transform into perovskite-type and ¡-Mn phases by annealing at 500°C. In addition, the MnSn 16) and MnCo 17) binary alloy phase diagrams show that Sn or Co in Mn stabilizes the ¢-Mn phase at room temperature. In this study, Sn and Co appeared to stabilize the formation of the ¢-Mn phase at room temperature, as clear from the XRD patterns of as-homogenized MnSnCo alloys. Consequently, this reveals that the phase transformation of ¦A into perovskite-type and ¢-Mn phases occurred by the second-annealing at 500°C.
Microstructural changes during the heat treatment described above were also observed by SEM. Figure 7 shows backscattered electron images (BEI) of Mn 82.5 Sn 10 Co 7.5 alloys at the following stages: (a) as-homogenized, (b) annealed at 900°C for 3 h in N 2 (first-annealing) and (c)(f ) subsequently annealed at 400700°C for 5 h (secondannealing). The as-homogenized sample consisted of a single phase. However, there were two phases with white and gray contrast in the sample after first-annealing (Fig. 7(b) ). The small spherical phases with black contrast in the images are considered to be a MnO introduced during arc melting. The sample subjected to second-annealing at 400°C (Fig. 7(c) ), displayed almost the same microstructure as the sample after first-annealing. Based on the XRD analysis results in Fig. 5 , these two phases are considered to be ¦A and ¢-Mn phases, respectively. In contrast, a rather different microstructure was observed in the samples after second-annealing at 500 and 700°C. The sample subjected to second-annealed at 500°C (Fig. 7(d) ) displays a fine two-phase structure with white and gray contrast in addition to large grains with white contrast (denoted as (3)). Figure 7 (e) shows a magnification of the section of the SEM image of the fine two-phase region indicated by a square in Fig. 7(d) . A fine two-phase structure consisting of two phases of irregular shape can be seen. In contrast, a coarse two-phase structure and large grains with white contrast are observed in the sample annealed at 700°C (Fig. 7(f ) ). Considering the fact that the highest coercivity was obtained after second-annealing at 500°C, the formation of the fine two-phase microstructure might be closely related to the increased coercivity of the MnSnCoN alloy. In order to identify the phases shown in the SEM images, the composition of the phases, (1)(5) in Figs. 7(b) and 7(e) was analyzed by WDS. Table 1 shows the composition of phases (1) and (2) in the sample after first-annealing. The respective nitrogen and cobalt contents in these two phases are substantially different. The nitrogen content in the phase with white contrast (denoted as (1)) is lower than that in the phase with gray contrast (denoted as (2)). Considering the results of XRD, the phases with white and gray contrast are considered to be ¢-Mn and ¦A phases, respectively. Table 2 shows the composition of phases (3)(5) in the sample after second-annealing at 500°C. The nitrogen content of the coarse and fine phases with white contrast ( (3) and (4) respectively) is notably lower than that of the phase with gray contrast (5) . In contrast, the cobalt content in phase (5) is lower than that of the phases (3) and (4). The results of XRD analyses indicate that the phases with white contrast ( (3) and (4)) correspond to ¢-Mn phases, and the phase with gray contrast (denoted as (5)) corresponds to a perovskitetype phase. Therefore, the fine two-phase microstructure in Fig. 7 (e) is composed of ¢-Mn and perovskite-type phases. Comparing Figs. 7(b) and 7(d), the microstructure of the phases with white contrast indicated as (1) and (3) are almost the same. In addition, the compositions of phases (1) and (3) are also almost the same (cf. Tables 1 and 2 ). These results suggest that the ¢-Mn phases with large grain size ( (1) and (3)) remained unchanged during second-annealing. In contrast, comparing the microstructures in Figs. 7(b) and 7(d), the coarse gray phase (¦A) appears to have been transformed into two fine phases, namely perovskite-type and ¢-Mn phases ( (4) and (5)) in the second-annealing at 500°C. This means that the ¦A phase transforms into fine two-phase microstructure consisting of the perovskite-type and ¢-Mn phases by the second-annealing at 500°C.
Summary
In this study, the influence of heat treatment on the microstructure and magnetic properties of MnSnCoN alloys was investigated. A maximum coercivity of 1270 kAm ¹1 was obtained in the samples annealed at 900°C for 3 h in N 2 (first-annealing) and subsequently at 500°C for 5 h under N 2 (second-annealing). A fine two-phase microstructure was also observed in the sample. XRD analysis indicated that the fine two-phase microstructure was composed of perovskite-type and ¢-Mn phases. It was also found that a ¦A phase appeared in the first-annealing and transformed into perovskite-type and ¢-Mn phases during the second-annealing. Consequently, it is considered that the fine two-phase microstructure formed by this phase transformation of ¦A in the second annealing is important for the high coercivity of MnSnCoN alloys. 
